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SUMMARY

Ampoulescontainingmaterialsexhibitingeither liquidor solid
state immiscibilitywere thermallyprocessedin the M-518 Multipurpose
ElectricFurnaceunder low and one gravityconditions. Three cartridges,
each containingthree separateexperimentampouleswere processedsimul-
taneouslyduringone furnacerun.

Two of the experimentampoules,gold-germanium(AmpouleA) and
lead-zinc-antimony(AmpouleB), were processedin the isothermalportion
of the furnaceand one experimentalampoule,lead-tin-indium(AmpouleC),
was processedin the gradientregionof the furnace. Both the control
(onegravity)and low gravityprocessedspecimenswere analyzedfor their
metallographicand electronicproperties.

In all cases,the low gravityprocessedspecimensexhibitedbetter
homogenizationand microstructuralappearancesthan the one gravitycontrol
specimens. The electronicbehaviorof the low gravityspecimenswere
equal or superiorin every respectand the AmpouleB specimensexhibited
an anomaloussuperconductingtransitiontemperatureapproximately2 K
higherthan eitherthe elementsor the one gravitycontrolspecimens.
In addition,the low gravityprocessedA and B ampoulesexhibitedX-ray
diffractionlinesnot identifiablewith any referenceddiffractionpatterns.

Fromthese analyses,it is concludedthat low gravityprocessing
of materialsprocessingliquidor solid immiscibilitycan producecompo-
sitionsexhibitingunusualmetallo_raphicand electronicbehavior.

INTRODUCTION

Immisciblesystems,with few exceptions,are one of the unique
classesof materialswhich are non-produciblein bulk formon Earth.
A numberof these systemsprovidesa potentialclassof new materials
if theycan be successfullyproducedin space. These potentialappli-
cationsincludeelectronic,opticaland other types of materialswith
uniquephysicalcharacteristics.

Since segregationeffectsdue to densitydifferencesand the
relativelylong time periodnecessaryto solidifythe materialsfrom
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the liquidstate are the primaryreasonsfor inabilityto secure bulk
samples,processingin a low gravityenvironmentshouldcircumventthe
majorityof the problemsassociatedwith the immisciblesystems.

This hypothesishas been verifiedto a large degreeby investi-
gationsat TRW SystemsGroup utilizingNASA low gravityfacilitiesto
processmaterialshaving a miscibilitygap in eitherthe liquidor solid
state [Referencesl, 2, 3].

In one of these investigations,however,it was found that the
coolingrate during low gravitysolidificationhad an influenceon both
the microstructureand electricalbehaviorof the immisciblesystem
[References2,4].

Thus, the opportunityofprocessing systemshavingeitherliquid
or solid immiscibilityon Skylabshouldprovideextremelyvaluable
informationin corroboratingboth currentinformationon the behaviorof
thesesystems,as well as a comparisonof the effectof long coolingtimes
with the resultsobtainedin the short duration,low gravityfacilities.

SKYLABTESTS

ExperimentM-557: "ImmiscibleAlloy Compositions",is comprised
of threeseparatespecimenampoulesper cartridgeprocessedin the M-518
MultipurposeElectricFurnace;two in the isothermalportionand one in
the gradientregionof the furnace. The isothermalampoules,designated
A and B, contain76.85 - 23.15 w/o gold-germaniumand 45.05 - 45.06 -
9.89w/o lead-zinc-antimony,respectively.AmpouleA, gold-germanium,
exhibitsalmostcompletesolid state immiscibilityand AmpouleB, lead-
zinc-antimony,exhibitsa liquidmiscibilitygap below a criticalor
consolutetemperature.The gradientampoule,designatedC, contains70.20 -
14.80 - 15.00w/o lead-tin-indlum,with tin as the precipitatedsecond
phase. Figure1 shows the cartridgeand ampouleconfiguration.

Two sets of three cartridgeseachwere processedunder one gravity
conditionsas controls;three horizontallyand three verticallyin the
furnace. Three cartridgeswere then subsequentlyprocessedin the
M-512/M-518facilityon board Skylabduring the SL-3 mission. Basically,
the processingconsistsof heatingthe isothermalsectionof the cartridges
to 720°C,holdingthe temperature,fora soak periodof 4 hours,then
allowingthe cartridgesto passivelycool to ambienttemperature.This
temperaturewas set to allow AmpouleB to be heatedabove the critical
or consolutetemperaturewhere the liquidimmiscibilitygap is exceeded
and the liquidelementsbecomesinglephase. The soak period is sufficiently
longfor completemixing and diffusionof the elements. The temperature
at the cold end is clampedsuch that AmpouleC is not completelymelted,
thus a comparisonof the solidificationbehaviorbetweenone gravityand
low gravityprocessedspecimenscan be made.

A AMPOULES

Figures2 and 3 representphotomacrographsof one and low gravity
processedgold-germaniumspecimens. As can be seen, precipitation/segregation
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of the germaniummainlyoccursat the top of the one gravityspecimens,
as opposedto the more randomdistributionin the low gravityprocessed
specimens.

Microscopicdocumentationwas primarilylimitedto the low gravity
specimens,since the gross segregationof the one gravityprocessed
specimenspreventedany extensiveinterpretation.In essence,the
densitydifferencesbetweenthe elementsdominatedto the extentthat
minimalinteractionin termsof microstructuraldifferencesoccurred.

Figures4 through6 are optical,electronmicroprobeand scanning
electronphotomicrographsof typicalspecimenareas. For the most part,
the areasare identicalfor each type of instrumentutilizedand are
representativeof the specimenmicrostructure.Some differencesin
microstructuralappearanceare evidentbetweenthe surfaceand the
interiorof the specimens;however,the presenceof eithera very fine
dispersionoracompoundis still evident. In addition,comparisonof
gold-germaniumspecimensfrom anotherprogram[Reference3] cooledat
much fasterrateswith thoseon this program( an exampleis Figure7 )
show that coolingtimedoes play an importantrole in the microstructural
featuresof immisciblesystems.

Table I presentsthe X-ray diffractiondata of the specimenswhich
do not correspondto the knowndiffractiondata of the elementsand the
metastablegamma germaniumgold. Both unknownlinesof varyingintensities
were found. If the linescorrespondto a metastablecompound,the varying
intensitymay be due to the orientationwithinthe specimensince it has
been noted that both the d spacingand the intensity will vary as a
functionof orientation[Reference5].

Superconductivitymeasurementswere made on the bulk specimensby
the inductancemethodas shownschematicallyin Figure8 . None of the
one gravitybut all of the low gravityprocessedspecimenssuperconducted
at 1.5 K, althoughthe signalwas weak. This indicatesthat only a small
portionof the specimensuperconducts,possiblycorrelatinqto the fine
dispersions.Superconductingtransitiontemperaturesare shown in Figure9.

Resistivitymeasurementsusing a Leeds four point probewere made
on the one and low gravityprocessedspecimensand the resultsare shown
in FigurelO. As can be seen,the resistivityof the one gravityprocessed
specimensdecreasestowardthe gQld rich end due to the gravitygradient.
The valuesare higherthanfor pure gold since somegermaniumis present.

B AMPOULES

FiguresIIandl2 are photomacrographsof the one and low gravity
processedlead-zinc-antimonyspecimens. As with the gold-germanium,
extensivesegregationoccurredin the one gravityspecimensand micro-
scopicdocumentationwas primarilylimitedto the low gravityprocessed
specimenssincethe segregationagainpreventedmeaningfulinterpretation.
Figuresl3throughl5are optical,electronmicroprobeand scanningelectron
photomicrographsof typicalspecimenareas.
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The low gravityprocessedspecimensare not only more uniformly
dispersed,but additionallyzinc is the primarymatrix,with lead as the
dispersantand antimonyis predominantlyassociatedwith the zinc, as
opposedto the one gravityprocessedspecimens.

As with the A Ampoules,the X-ray diffractionpatternsof the low
gravityprocessedspecimensshow additionallineswhich do not correspond
with any of the known elementsor compounds. TableII presentsthe d
spacingsand intensities.

Superconductivitymeasurementswere made on the B specimensin the
same manner as with the A specimensand the resultsare shown in
Figurel6. Both the one and low gravityspecimensexhibitedthe same
superconductingbehaviorto 7.2K,but the low gravityspecimenshad an
additionaltransitionat g.2K, which is 2K higherthan any of the three
compositionalelements. The reasonfor thisanomalouslyhigh transition
temperatureis not known,althoughit may be due to the fine dispersion
of lead in the zinc-antimonymatrixleadingto a fine particlesuper-
conductivityeffect [References6 and 7 ].

As with the A specimens,resistivitymeasurementwere made with
the Leeds four point resistivityprobeand are shown in Figure17.
Again, a more uniformresistivitywas notedwith the low gravityas
comparedto the one gravityprocessedspecimens.

C AMPOULES

Due to the natureof the electronictestingperformedon these
materials,minimalmetallagraphicdocumentationwas done on these
specimens. Figures18 andl9 exemplifythe transitionzone where solid-
ificationstartedand the directionalsolidificationthatoccurred
during cooldown. In general,the directionalmicrostructureof the
low gravityprocessedspecimensis finer and of betterqualitythan the
controls. TableIll gives the X-raydata for the specimens;therewas no
appreciabledifferencebetweenthe one and low gravityspecimens.

Magneticmeasurementswere carriedout on the directionally
solidifiedPb-Sn-InC specimensprocessedin one and in low-gravity
environment. Dispersionof the Sn-richphase,which is non-super-
conductingat 4.2 K, may act as pinningsites to flux movement
[Reference8 ], resultingin hysteresiseffectswith large areas under
the magnetizationcurves. If Pb-richlamellarstructuresof small
dimensionsare formedby directionalsolidification,thismay be
apparentin an increasein Hc,2.

Both the one and low gravityprocessedspecimenswere sectioned
such that the maximumand minimumG/R ratio portionsas shown in
Figure20 were measuredto determinethe effectof directionalper-
fection,etc. on the magneticproperties.The sampleswere cut in 2 cm
lengthsand placedto fit tightlyin the centerof coils wound with
10,000turnsof #36 coppermagnetwire to lengthof 3.4 cm. Permeability
measurementswere made as a functionof the magneticfield by measuring
the inductancewith a bridgeat l kHz with the coils placedin the center
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of a superconductingsolenoidwith the axes approximatelyparallelto
the field. Three coils could be arrangedsymmetricallyabout the axis
of the solenoidwith the centerof thesamples separatedby 2.5 cm.
This allowedthe samplesto be withina sphereof less than I% in-
homegeneityin the magneticfield. All measurementswere made with the
samplesimmersedin liquidheliumat a temperatureof 4.2K. A schematic
diagramof the apparatusis shown in Figure21.

A typicalmagnetizationcurve is shown in Fiqure22 and the data
is presentedin Table IV, where "cold end" refers to the sectionof
samplecut from the regionprocessedwith a high G/R ratio. Hysteresis
effectsare apparentindicatingthe presenceof trappedflux. This is
the regionwhere the greatestamountof two phase directionalsolidifica-
tion is expected[References9,10].Itis noted thatwith the one
gravityprocessedsamplesthere is littlecorrelationin Hc2 values
betweenthe high and low G/R specimens. The low gravityprocessed
samples,however,show consistentlyhigherHc2 valuesfor the portion
havinga high G/R ratio. These samplesalso show somewhatmore pro-
nouncedhysteresiswith largerareas underthe curves,indicatingmore
extensiveflux pinningby the Sn-richphase. These resultscorrespond
to a greaterextentof directionalsolidificationwith low gravity
processingcomparedto the one gra.vityprocessedsamples. In the
regionof high G/R ratio (coldend), the low gravityprocessedsamples
show an averageincreasein Hc2 of 260 Oe, comparedto the one gravity
processedsamples.

CONCLUSION

Three systemspossessingeitherliquidor solid state immiscibil-
ity havebeen processedin the M-518 facilityon board Skylab. From
the metallurgicaland electronicexaminations,the low gravitypro-
cessedspecimensexhibiteduniquemetallurgicalfeaturesand enhanced
electronicpropertiesas contrastedto the one gravityprocessedcontrols.

The A specimenscorroboratedthe effectof coolingrate on the
metallurgical structure.

The unknownX-raydiffractionlines exhibitedby the low gravity
processedA and B specimensindicatesthat processingin this type of
environmentcan lead to morphologicalstructuresnot found in the one
gravityprocessedspecimens. It is not knownat this time if the
unusualsuperconductingtransitionsfound in thesesystemsare related
to thesediffractionpatterns.

Inasmuchas a low gravityenvironmentsuppressesthermalcon-
vection,high G/R ratioscan be utilizedto obtaindirectionallysolidi-
fied structureshavingsuperiormetallurgicaland electronicfeatures,
exemplifiedby the C specimens,as contrastedto the one gravity
processedspecimens.

It must be emphasizedthat thesematerialsrepresentonly a
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fractton of the hundreds of systems possessing a miscibility gap whtch
have been Identified. However, the tntePesttng electronic and
metallurgical behavtoP of these processed matePtals has lead to cautlous
opttmtsm regaccltng the potential use of this class of matePtals. Thus
from this woPk, tt is anticipated that future Pesearch tnto 1mmiscible
systems wtll benefit not only the basic undePstandtng of matePtals
behavior but ultimately enable matePials to be produced which will
have extPemely useful appllcatlons.
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Table I. UnknownX-Ray Diffraction Lines for A Specimens
II I I I

d Spacing, A i/I 1 Specimens2
0

I II

I. 992 8 11
1.293 10 12
1.021 2,5,3 10,11,12
0.9108 7,26,29 10,11,12
O.8926 32 12
0.8334 7,33,30 I0,II,12
O.8307 11 12

I

Table II. UnknownX-Ray Diffraction Lines for B Specimens
I I I

d Spacing,A I/iI Specimens2
I l _ l l

3.450 4,12 I0,12
3.437 27 Il
2.976 14 II
2.3.3 15,5 10,12
2.135 15,17 6,11
2.004 22 10
1.489 49 Il
1.336 10 11
1.310 II,4 II,12
1. 255 38 12
1.133 25,9 II,12
1.008 7,7,10 lO,ll,12
0.9503 II,8,10 lO,ll,12
0.8656 12 12
0.8346 7,7,5 IO,ll,12

I I I

Table III. UnknownX-RayDiffractionLines for C Specimens
| ll INN

0

d Spacing,A I/i_ Specimens2
l l l l IN

3.048 42 All
2.840 60 All

I I I nil

1. Ratio of line intensity to strongest peak
2. Both one and low gravity processed specimens
Note: All other lines identified.
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Table IV. Hc2 Valuesfor Pb-Sn-lnEutecticAlloys *

Sample (l-g) Hc2 (kOe) Sample (low-g) Hc2(kOe)

l C cold end 3.62 lO C cold end 3.88
l C hot end 3.69 lO C hot end 3.80
2 C coldend 3.76 II C cold end 4.06
2 C hot end 3.66 II C hot end 3.60
3 C coldend 3.67 12 C cold end 3.89
3 C hot end 3.90 12 C hot end 3.62

* AverageHc2 valuesfor Pb-Sn-lneutecticalloys

One-g processed Low-g processed

Cold end 3.68 kOe 3.94 kOe

Hot end 3.75 kOe 3.67 kOe

ISOTHERMAL GRADIENT HEAT REJECTION

/SECTION /SECTION/SECTION

PROCESSEDM-557 CARTRIDGESHOWINGEXTERNALCONFIGURATION

DISASSEMBLEDAMPOULESET

FIGURE1. 14-557CARTRIDGE_ A_OULE COI_IGI_TION
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Specimen 1A Spectmen5A

Spectmen12A

FIGURE 2. ONE GRAVITY PROCESSED SPECIMENS IA and 5AAND

LOW GRAVITY PROCESSED SPECIMEN 12A ( 10X )
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_ GRAVITY

GRAVITY

SKYLAB-

Figure3. AxiallySectionedSpecimensIA, 5A and 12A ( 1.5X )

FIGURE 4. OPTICAL PHOTOMICROGRAPHS OF SECTION 12A - 2
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FIGURE 5. SEMPHOTOMICROGRAPHS OF SECTION !2A - 2
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absorbed electron

Au Ge

FIGURE 6. ELECTRON MICROPROBE PHOTOMICROGRAPHS
OF SECTION 12A - 2 ( 900X )
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Specimen1-C

Specimen12A

FIGURE 7. SPECIMEN 12A VERSUS KC-135 PROCESSED SPECIMEN I-C (50X)
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146



110 , a i l , l l
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FIGURE i0. RESISTIVITY OF CONTROL AND LOW

GRAVITY PROCESSED A SPECIMENS

147



/i

Specimen5B

Specimen3B

Specimen12B

FIGURE ii. ONE GRAVITY PROCESSED SPECIMENS 3B AND 5B AND

LOW GRAVITY PROCESSED SPECIMEN 12B ( 10X )
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FIGURE 12. AXIALLY SECTIONED SPECIMENS 3B, 5B AND 12B ( 1.5X )

FIGURE 13. OPTICAL PHOTOMICROGRAPHS OF SECTION 12B - 2
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FIGURE 14. SEMPHOTOMICROGRAPHS OF SECTION 12B - 2
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I T

absorbed electron Zn

Sb Pb

FIGURE 15. ELECTRON MICROPROBE PHOTOMICROGRAPHS

OF SECTION 12B - 2 ( 900X )
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FIGURE 18. TRANSITION ZONE OF C SPECIMENS ( 500X )
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FIGURE 19. HOT ZONE PHOTOMICEOGRAPHS OF C SPECIMENS
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FIGURE 20. G/RRATIO AS A FUNCTION OF DISTANCE FROM COLD END
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